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Abstract We performed comparative study of phase

relations in Fe1-xNix (0.10 B x B 0.22 atomic fraction)

and Fe0.90Ni0.10-xCx (0.1 B x B 0.5 atomic fraction) sys-

tems at pressures to 45 GPa and temperatures to 2,600 K

using laser-heated diamond anvil cell and large-volume

press (LVP) techniques. We show that laser heating of

Fe,Ni alloys in DAC even to relatively low temperatures

can lead to the contamination of the sample with the carbon

coming from diamond anvils, which results in the

decomposition of the alloy into iron- and nickel-rich pha-

ses. Based on the results of LVP experiments with Fe–Ni–C

system (at pressures up to 20 GPa and temperatures to

2,300 K) we demonstrate decrease of carbon solubility in

Fe,Ni alloy with pressure.

Keywords LH-DAC � Large-volume press � Martensitic

transformation � Carbon solubility in Fe,Ni alloy

Introduction

Knowledge on the properties of the Earth’s core (its

structure and composition, temperature profile, etc.) as well

as understanding of the processes driving its dynamics is

essential for reliable modeling of the deep Earth’s interior.

Due to its inaccessibility the only insight into the properties

of the Earth’s core is provided by seismic observations

(Ringwood 1979). The seismic data along with estimates of

the bulk silicate Earth composition (Ringwood 1979;

Allégre et al. 1995; O’Neill and Palme 1998; McDonough

and Sun 1995) and meteoritic records provide some

insights into the possible structure and composition of the

Earth’s core. It is now well established that the core con-

sists of the liquid outer and solid inner parts, which are

mainly composed by Fe1-xNix alloy (0.05 B x B 0.20)

with a small amount of light element(s) such as Si, S, O, H,

C, etc., required to fulfill the density deficit, which

accounts for *6–10% difference between the outer core

and liquid Fe, and 1–2% between the inner core and

crystalline Fe (Birch 1952; Poirier 1994; McDonough and

Sun 1995; Allégre et al. 1995).

Phase diagram of iron—the most abundant element in

the core—has been extensively studied using both experi-

mental and numerical approaches. Although melting curve

of iron at high pressures is controversial (*2,000 K misfit

between shockwave (Yoo et al. 1993; Brown and McQueen
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1986) and diamond anvil cell (Williams et al. 1987;

Boehler 1993; Schen et al. 1998) experiments, with theo-

retical predictions laying in between (Laio et al. 2000; Alfè

2009) both experimental and theoretical approaches agree

that at the Earth’s core conditions the stable phase of pure

solid iron most likely would be hexagonal closed packed

(hcp) e-phase (Akimoto 1987; Boehler 1986; Mao et al.

1987; Manghnani and Syono 1987; Dubrovinsky et al. 1998;

Schen et al. 1998; Funamori et al. 1996; Dewaele et al. 2006;

Vocadlo et al. 2000). However, the alloying effect of nickel

and light element(s) also has to be taken into account. Even

small amount of nickel, alloyed with iron, significantly

enhances stability area of c-phase to lower temperatures

and to higher pressures (Huang et al. 1988, 1992; Lin et al.

2002; Mao et al. 2006; Dubrovinsky et al. 2007). The effect

of the potential light core’s components on the phase dia-

gram of iron at high pressures and temperatures also has

been extensively studied (Badding et al. 1991; Wood 1993;

Fei and Mao 1994; Knittel and Williams 1995; Sanloup

et al. 2000; Fei et al. 1995, 2000; Scott et al. 2001; Lin et al.

2002). However, the question regarding the composition

and structural phase of the Earth’s core remains unsolved

mainly due to the lack of experiments under the relevant

pressures and temperatures, which has led to inevitable

extrapolations of experimental data to the Earth’s core

conditions.

Pressures and temperatures comparable with that in the

core can be achieved in diamond anvil cells with in situ

laser heating (LH-DAC) (Boehler 1993; Murakami et al.

2005; Mao et al. 2006; Dubrovinsky et al. 2007; Ohta et al.

2008; etc), which, however, may suffer from possible

substantial pressure and temperature gradients, occurrence

of chemical reactions, migration of the matter under study,

etc. (Heinz et al. 1991; Prakapenka et al. 2003–2004; Fialin

et al. 2009). The large-volume press (LVP) technique, on

the other hand, provides more controllable experimental

conditions due to the larger size of a pressure chamber,

though the upper pressure limit is 28 GPa (in multianvil

experiments with tungsten carbide anvils (Kubo and Akaogi

2000), which is less than that of the Earth’s core. Com-

bining both LH-DAC and LVP experiments we performed

comparative study of the phase relations in Fe1-xNix
(0.10 B x B 0.22) to 45 GPa and 2,600 K and investigated

the effect of carbon on the system at high pressures and

temperatures.

Experimental procedure

The Fe0.9Ni0.1, Fe0.85Ni0.15 and Fe0.78Ni0.22 alloys used for

LH-DAC and part of LVP experiments were synthesized

from metallic rods by melting of appropriate amounts of

iron (99.999% purity) and nickel (99.999% purity) in an

arc furnace in pure argon atmosphere. The samples were

homogenized in vacuum at 900�C for 150 h. Their chem-

ical and phase homogeneity were confirmed by electron-

microprobe analyses and X-ray powder diffraction. Further

details of synthesis and sample characterization were given

in Dubrovinsky et al. (2001). A series of LVP runs were

performed with the powder mixtures Fe0.90Ni0.10-xCx

(where 0.01 B x B 0.04 atomic fraction). The powders

were thoroughly ground together under alcohol in order to

obtain homogenized mixture, which then was dried and

placed into a capsule. Two types of capsule were used: (1)

‘‘simple’’ cylindrical capsule made of MgO compressed

powder; and (2) ‘‘composite’’ capsule, containing a single

crystal of NaCl placed inside the MgO capsule. NaCl was

used in order to eliminate oxygen from the system.

For LH-DAC experiments the modified Merrill–Basset

DAC equipped with diamond anvils of 250 and 300 lm

culet size was used. The 10–15-lm-thick foils of synthetic
57Fe0.9Ni0.1 and 57Fe0.78Ni0.22 alloys, sandwiched between

two 10-lm-thick pellets of LiF or NaCl, along with few

ruby chips (for pressure calibration according to ruby

fluorescence scale by Mao et al. (1986)) were loaded into a

100- to 125-lm hole drilled in Re gasket pre-indented to

30–35 lm. LiF and NaCl were used as a pressure trans-

mitting medium, thermal insulation from diamond anvils as

well as an internal X-ray diffraction (XRD) pressure mar-

ker. We used LiF and NaCl equation of states from Liu

et al. (2007) and Brown (2000), respectively). LiF and

NaCl (both powder and single crystals, used for the LVP

and DAC runs) were dried before use at 200�C for 12 h to

eliminate water.

The high-resolution angle dispersive XRD experiments

with ex situ laser heating were performed at (1) high-

brilliance X-ray diffractometer at the Bayerisches Geoin-

stitute, Bayreuth, Germany, with 0.7108 Å wavelength

radiation and the beam size on the sample of 30 lm2, (2)

Swiss–Norwegian beamline at the European Synchrotron

Radiation Facility (ESRF), Grenoble, France, with

0.7002 Å radiation wavelength and the beam size on the

sample of 40 lm2, and (3) at beamline ID27 (ESRF) with

0.3738 Å wavelength radiation and the beam size on the

sample of approximately 10 lm2. The high-resolution

XRD experiments with in situ double-side Nd:YLF laser

heating system were carried out at GSECARS beamline,

Sector 13 of the Applied Photon Source, Chicago, USA.

The size of the laser beam varied from 20 to 30 lm in

diameter with a temperature variation of ±100 K within

the beam at temperatures in the order of 3,000 K. Heating

duration in different experiments was from 10 to 30 min.

Temperature was measured using multiwavelength spec-

troradiometry. The radiation with 0.3344 Å wavelength

and a CCD MAR detector were used. Two-dimensional

XRD images we integrated azimuthally using Fit2D
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software (Hammersley 1998). Rietveld refinement was

performed with the GSAS package (Larson and Von Dreele

2004).

The quenched experiments at low pressures (0.5–3 GPa)

were performed in the end-loaded piston-cylinder appara-

tus. For the high-pressure experiments (9–20 GPa) the 6–8

Kawai-type multianvil press were employed. For the pis-

ton-cylinder runs the half-inch talc-Pyrex glass assembly

equipped with a graphite heater was used. Temperature was

controlled by a W75Re25/W97Re3 thermocouple (type D).

For multianvil experiments the 10/5 (octahedral edge

length/tungsten-carbide anvil truncation in mm) assembly

with LaCrO3 heater was employed in the 1,200-ton press.

The pressure calibration curve is based on that developed

by Frost et al. (2001). Time of LVP runs varied from

4 to 14 h.

Samples recovered from both LH-DAC and LVP

experiments were analysed by X-ray powder diffraction,

Mössbauer spectroscopy (described in detail in McCam-

mon et al. 1992), transmission electron microscopy (TEM)

and scanning electron microscopy (SEM) using a Leo

Gemini 1530 scanning electron microscope. For the

microstructural analyses of the samples recovered from the

LH-DAC experiments the upper layer of a gasket was

carefully grained off in order to get exposure of the sample

enclosed in a gasket hole and a 5-nm graphite coating layer

was required to reduce charging. The capsules of the LVP

runs were cut in half; one part was polished for SEM

measurements (due to their high electrical conductivity

these samples did not require any coating); a thin layer cut

from the another part of a sample was used for Mössbauer

spectroscopy, XRD and TEM (the latter required additional

thinning of a sample foil by Ar-milling method).

Conventional TEM imaging, selected area electron dif-

fraction (SAED) and energy-dispersive X-ray spectroscopy

(EDXS) were performed on a Philips CM20 FEG TEM

operating at 200 kV. The Ni/Fe ratios of Fe,Ni–C alloys

were calculated by the Cliff–Lorimer method (Cliff and

Lorimer 1975) with a pre-installed k-factor (Ni/Fe) of

1.067 in NSS. 2.1 EDXS system (Thermo Scientific).

Absorption correction was not performed because of the

relatively thin areas for the analysis of characteristic

Ni–Ka,b and Fe–Ka,b X-rays.

Experimental results

XRD study of Fe,Ni alloys, employing LH-DAC

Fe0.9Ni0.1 alloy at pressures to 30 GPa

The thin (15 lm) foil of 57Fe0.90Ni0.10 alloy, placed

between two layers of LiF, was compressed in DAC to 30

(1) GPa; the XRD patterns taken from several areas of the

sample at 30 GPa show presence of hcp-Fe,Ni alloy and

LiF. The central part, *20 lm 9 40 lm, was laser heated

to 2,000 K (±100 K) (see Fig. 1a). On the decompression

from 30 GPa to the ambient pressure we collected XRD

spectra from the heated and non-heated areas of the sample

(this experiment was performed at ID27, ESRF). In the

laser-heated spot we detected presence of fcc-structured

phase along with hcp-Fe,Ni, while in the non-laser-heated

Fig. 1 a Photo-image of the

Fe0.90Ni0.1 sample, central part

of which was laser heated to

2,000 K at 30 GPa; b Molar

volumes of hcp-, fcc- and

bcc-structured Fe,Ni phases in

heated (solid symbols) and

non-heated (open symbols)

areas of the sample; c XRD

patterns (k = 0.3738 Å)

collected at 15.5 (0.1) GPa and

room temperature from the

heated and non-heated areas of

the Fe0.90Ni0.1 sample
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area only initial hcp-Fe,Ni alloy was found (see Fig. 1b, c).

The presence of fcc–hcp phase assemblage in the heated

area was tracked down from 30 to *6 GPa, where both

phases eventually transformed to their bcc-polymorphs.

Since fcc-phase, detected in the heated area, accounts only

for about 6 (1) wt%, it is impossible to extract XRD

parameters of its bcc-structured polymorph, washed by the

strong reflections coming from the predominant Fe,Ni bcc-

phase. At the same pressure (*6 GPa) the hcp-bcc struc-

tural transition occurred in the non-heated area (Fig. 1b).

Molar volumes of the hcp-Fe,Ni phase in the laser-heated

area (closed triangles) and those in the non-heated part

(open triangles) are identical within the uncertainty of

measurements (Fig. 1b). The same is valid for the bcc-

phases, formed below 6 GPa in both areas.

Coexistence of hcp and fcc-structured phases of Fe,Ni

alloy at high pressure and temperature was previously

observed in DAC experiments (Lin et al. 2002; Mao et al.

2006). Presence of fcc-Fe at room temperature was detec-

ted in multinavil (Kubo et al. 2003) and DAC experiments

(Komabayashi et al. 2009) with pure Fe, which was

explained by kinematical effects.

Fe0.78Ni0.22 at pressures to 52 GPa and temperatures

to 2,600 K

Another in situ XRD experiment was carried out with

Fe0.78Ni0.22 alloy at pressures to 44 (1) GPa and tempera-

tures to 2,600 (50) K (GCECARS, Sector 13, APS).

Fe0.78Ni0.22 sample was compressed to 22 (1) GPa; then,

five series of laser-heating (from 10 to 30 min each),

quenching and compression were performed (Fig. 2). First,

second and third series of the high-temperature XRD data

were collected during gradual decrease of temperature

from 1,800–2,000 to 1,500–1,450 K, while fourth and fifth

series of data were collected upon gradual increase of

temperature. The sequence of measurements is shown in

Fig. 2 by arrows.

Below 30 GPa, all XRD spectra collected (first and

second laser-heating series) suggest presence of the single

fcc-structured Fe,Ni phase along with LiF, used as the

pressure-transmitting medium (Fig. 3, bottom). During

third laser heating of the Fe0.78Ni0.22 we detected appear-

ance of another fcc-structured phase at *29.0(5) GPa and

2,000 (20) K (Fig. 3, in the centre). The difference in molar

volume between the two fcc-phases is 0.05 (1) cm3 mol-1

at 29.0 (5) GPa and 2,000 (20) K. Entire XRD data set,

collected during third laser heating [30 (2) GPa and tem-

peratures from 2,000 (20) to 1,450 (20) K), four XRD

spectra, obtained at the beginning of the fourth laser

heating [36 (1) GPa and temperatures from 1,450 (20) to

1,700 (20) K] as well as room temperature data collected in

between suggest presence of two fcc-phases (closed circles

in Fig. 2). At temperatures above 1,700 K and pressures

over 35 GPa (high temperature part of the fourth and the

entire fifth laser-heating series in Fig. 2), only fcc-phase

with the higher volume was detected (see Figs. 2, 3, top

spectrum).

Fig. 2 Diagram presenting pressure and temperature conditions,

achieved in five series of compression, laser heating and quenching

of Fe0.78Ni0.22 alloy. Arrows show the sequence of the measurements.

Red open triangles up and down correspond to data points collected

during laser heating; room temperature points are shown by solid
black squares. Different orientation of the red triangles distinguishes

data points collected before (down) and after (up) the sequence of

XRD spectra with ‘‘doubled’’ fcc-reflections (blue closed circles)

Fig. 3 XRD patterns (k = 0.3344 Å) collected during in situ laser

heating of the Fe0.78Ni0.22 sample in DAC. Red crosses correspond to

experimental data, while black solid lines show Rietveld refinement

of the data. ‘‘Doubling’’ of ‘‘fcc’’ peaks is highlighted by arrows.

Broadening of LiF peaks on the bottom spectrum suggests presence of

a certain thermal gradient during laser heating
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An obvious explanation for the observed doubling of ‘‘fcc’’-

peaks is inhomogeneous heating. For example, the spectrum

shown on the bottom in Fig. 3 with nice and narrow ‘‘fcc’’-

peaks indeed was collected from an area with high thermal

gradient, which caused significant broadening of LiF-peaks.

However, in the case of spectrum with two fcc-phases (Fig. 3,

in the centre) LiF-peaks are rather narrow; consequently the

thermal gradient, if it existed, must have been negligibly small

and obviously cannot explain the 0.03 Å
´

difference in lattice

parameter between the two fcc-phases. Two other possible

explanations are (1) iso-structural phase transition, occurring

at high pressures and temperatures or (2) chemical reaction

during laser heating, which will be discussed later.

Comparative study of Fe1-xNix (0.10 B x B 0.22)

at high pressures and temperatures by means

of LH-DAC and LVP techniques

In another series of LH-DAC and LVP experiments,

Fe1-xNix (0.10 B x B 0.22) alloy samples were subjected

to the same pressures and temperatures as in the afore-

mentioned LH-DAC experiments (see Table 1). The

recovered products were analysed by XRD, Mössbauer

spectroscopy, SEM and TEM. For comparison the results

of one of the paired LH-DAC and multianvil runs is shown

in Fig. 4. In these two experiments Fe0.90Ni0.10 sample was

heated to 2,000 (50) K at 20 (1) GPa and the duration of

heating in both cases was about 5 min. XRD spectrum

collected from the Fe0.90Ni0.1 recovered after laser-heating

in DAC (Fig. 4c) shows weak reflections of fcc-Fe-bearing

phase along with the reflections of the bcc-Fe,Ni phase, LiF

(pressure-transmitting medium and thermal insulation) and

rhenium gasket. Mössbauer spectrum collected from this

sample also suggests presence of two iron-bearing phases

(see Fig. 4a, on the top): (1) the magnetic component (light

grey sextet) with the hyperfine parameters typical of bcc-

Fe,Ni (central shift, CS, about 0.040 mm s-1 relative to

a-iron and hyperfine magnetic field, B, is 34.18 T) and (2)

nonmagnetic or anti-ferromagnetic component (blue sin-

glet with CS = -0.07 (0.01) mm s-1), which was assigned

to the fcc-Fe,Ni phase, known to be antiferromagnetic

(Stixrude et al. 1994; Cohen and Mukherjee 2004; Shall-

cross et al. 2006). The observed value of the magnetic field

of bcc-Fe,Ni alloy (34.2(2)) T is higher than that for pure

a-iron (*33 T). The same effect on the internal magnetic

field of iron has the alloying of Co (Greenwood and Gibb

1971), which was ascribed to the increased local exchange

potential and the spin density. Note that fcc-Fe,Ni phase

was found in all Fe,Ni alloy samples, recovered from the

LH-DAC runs at pressures to 35 GPa (the maximum

pressure achieved in this series of experiments) and tem-

peratures to 2,300 K. By contrast, all Fe,Ni alloy samples,

recovered after multianvil runs, performed at identical

pressures and temperatures, yielded single bcc-structured

Fe,Ni phase with trace amount of (Fe,Ni)O as revealed by

SEM (Fig. 4b, d, bottom).

Thus, summarizing the results, formation of the second

fcc-structured Fe-bearing phase in addition to the pre-

dominant Fe,Ni alloy phase, which is stable at room tem-

perature and even at room pressure in some experiments,

was observed in all LH-DAC runs with Fe1-xNix (0.1 B

x B 0.22) alloys at 15–45 GPa and 1,450–2,600 K;

Table 1, while quenched products of the LVP runs,

performed with the same samples at the pressures and

temperatures close to that in LH-DAC experiments

(15–20 GPa and 1,800–2,200 K) revealed the presence of

single bcc-structured Fe,Ni phase (Fig. 4b, d) (Table 1).

Discussion

Fe1-xNix (0.1 B x B 0.22) alloys at pressures

to 45 GPa and temperatures to 2,600 K: LH-DAC

vs. multianvil experiments

The only plausible explanation for the observed discrepancy

between results obtained with two different high-pressure

techniques (Fig. 4) is the presence of contaminating material

in LH-DAC experiments which reacts with the sample and

leads to its decomposition. Careful preparation of a DAC

experiment allows eliminating any possible contamination

excluding carbon diffusing from diamond anvils that may

react with a sample material during laser-heating as was

previously shown by Prakapenka et al. 2003–2004 and

Rouquette et al. (2008).

In order to check this hypothesis we simulated conditions

of a DAC experiment in multianvil press, adding 1 wt% dia-

mond powder (40–60 lm, 99.9% purity) into the capsule.

Reaction of diamond powder with Fe0.9Ni0.1 alloy at 20 (1)

GPa and 2,000 (50) K leads to the formation of carbon bearing

fcc-structured Fe,Ni phase (blue singlet in Fig. 5) and bcc-

Fe,Ni phase (light grey sextet in Fig. 5) and to the precipita-

tion of Fe3C carbide (dark grey sextet in Fig. 5). Comparing

the result of the ‘‘DAC simulating’’ multianvil runs (Fig. 5)

with that obtained in LH-DAC quench experiments (Fig. 4a,

c) we conclude that the discrepancy between the results of the

LH-DAC and multianvil quench experiments (Fig. 4) as well

as the coexistence of hcp- and fcc-Fe,Ni phases and ‘‘dou-

bling’’ of ‘‘fcc’’-peaks observed in in situ XRD experiments

with LH-DAC (Figs. 1, 3), is related to the contamination of

Fe,Ni alloy by carbon. Specifically, upon laser heating to high

temperatures (2,000–2,500 K) carbon from diamond anvils

diffused through the thermal insulation layers of LiF (or NaCl

or Ne) and eventually was incorporated by the fcc-Fe,Ni

phase, which necessarily shifted the fcc–bcc phase boundary

towards lower temperatures.
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Effect of carbon on the phase relations in Fe,Ni system

at elevated pressures and temperatures: martensitic

transformation

According to the equilibrium Fe–C phase diagram at

ambient pressure carbon solubility in fcc-structured phase

of iron can be as high as 2.06 wt% at *1,400 K while

bcc-iron can incorporate only about 0.0022 wt% carbon at

*1,000 K (Jiang and Carter 2003). Since atomic radius of

carbon is almost twice smaller than that of iron in both bcc

and fcc-structured iron phases, carbon atoms occupy tet-

rahedral or octahedral interstices (Fig. 6).

Pressure effect on the carbon solubility in Fe and Fe,Ni

alloys is poorly constrained. Decrease of carbon solubility

Table 1 Experimental conditions and resulting phase assemblages for LH-DAC and LVP runs with Fe1-xNix and Fe0.9Ni1-xCx systems

Run Starting material

chemical composition

PTM P (GPa) T (K) HP technique Phases detected in the

recovered samples

(Fe,Ni) alloys

1 Fe0.90Ni0.10 Ne 15.6 1,700 DAC bcc ? fcc

2 Fe0.90Ni0.10 Ne 31.0 1,800 DAC bcc ? fcc

3 Fe0.78Ni0.22 LiF 25.0 1,600 DAC bcc ? fcc

4 Fe0.90Ni0.10 LiF 23.0 1,500 DAC bcc ? fcc

5 Fe0.90Ni0.10 LiF 20.0 2,000 DAC bcc ? fcc

6 Fe0.90Ni0.10 LiF 27.0 1,800 DAC bcc ? fcc

7 Fe0.90Ni0.10 – 10.0 2,000 LVP bcc ? (Fe,Ni)O

8 Fe0.90Ni0.10 – 15.0 2,200 LVP bcc ? (Fe,Ni)O

9 Fe0.90Ni0.10 – 15.0 1,800 LVP bcc ? (Fe,Ni)O

10 Fe0.85Ni0.15 – 17.0 1,900 LVP bcc ? (Fe,Ni)O

11 Fe0.78Ni0.22 – 20.0 2,100 LVP bcc ? (Fe,Ni)O

12 Fe0.90Ni0.10 ? 1 wt% C – 20.0 2,100 LVP bcc ? fcc ? (Fe,Ni)O ? (Fe,Ni)3C

(Fe,Ni,C) powder mixtures

13 Fe0.90Ni0.09C0.01 – 0.5 2,050 LVP bcc ? fcc ? (Fe,Ni)O

14 Fe0.90Ni0.09C0.01 – 1.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

15 Fe0.90Ni0.09C0.01 – 2.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

16 Fe0.90Ni0.09C0.01 – 2.5 2,050 LVP bcc ? fcc ? (Fe,Ni)O

17 Fe0.90Ni0.09C0.01 – 3.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

18 Fe0.90Ni0.09C0.01 – 9.0 2,010 LVP bcc ? fcc ? (Fe,Ni)O

19 Fe0.90Ni0.09C0.01 – 20.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

20 Fe0.90Ni0.08C0.02 – 1.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

21 Fe0.90Ni0.08C0.02 – 2.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

22 Fe0.90Ni0.08C0.02 – 3.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

23 Fe0.90Ni0.08C0.02 – 9.0 2,300 LVP bcc ? fcc ? (Fe,Ni)O

24 Fe0.90Ni0.08C0.02 – 20.0 2,400 LVP bcc ? fcc ? (Fe,Ni)O

25 Fe0.90Ni0.07C0.03 – 2.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

26 Fe0.90Ni0.07C0.03 – 2.0 2,050 LVPa bcc ? fcc

27 Fe0.90Ni0.07C0.03 – 2.0 2,050 LVPab bcc ? fcc

28 Fe0.90Ni0.07C0.03 – 3.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

29 Fe0.90Ni0.07C0.03 – 9.0 2,300 LVP bcc ? fcc ? (Fe,Ni)O

30 Fe0.90Ni0.07C0.03 – 20.0 2,300 LVP bcc ? fcc ? (Fe,Ni)O

31 Fe0.90Ni0.06C0.04 – 3.0 2,050 LVP bcc ? fcc ? (Fe,Ni)O

32 Fe0.90Ni0.06C0.04 – 9.0 2,300 LVP bcc ? fcc ? (Fe,Ni)O

33 Fe0.90Ni0.06C0.04 – 20.0 2,300 LVP bcc ? fcc ? (Fe,NI)3C ? (Fe,Ni)O

Duration of heating in LH-DAC and LVP runs was about 5 min

PTM pressure transmitting medium
a LVP runs with a ‘‘composite’’ capsule consisting of a single crystal of NaCl placed inside a MgO capsule
b LVP runs with gradual cooling from 2,050 to 1,000 K, followed by rapid quenching to room temperature

208 Phys Chem Minerals (2011) 38:203–214

123



in Fe or Fe,Ni alloys upon compression has been reported

by Wood 1993, Huang et al. 2005 and Lord et al. 2009.

However, this conclusion has been challenged by Fei et al.

(2007), who observed an increase of carbon solubility in

iron with the increase of pressure. Due to the significantly

higher solubility of carbon in fcc-Fe in comparison with

bcc-Fe, gradual cooling of C-bearing fcc-Fe to room tem-

perature leads to formation of bcc-Fe and Fe3C carbide.

However in our LH-DAC and LVP experiments the rapid

cooling of the fcc-structured Fe1-xNix alloys containing a

certain amount of carbon results in the non-equilibrium

diffusion less martensitic transformation (Martens 1878a,

b, c). Martensite is a metastable supersaturated Fe–C solid

solution with a body-centred tetragonal (bct) structure,

slightly distorted form of bcc iron; the degree of distortion

is linked to the carbon concentration (Kurdjumov and

Kaminsky 1928, 1929; Mazur 1950; Roberts 1953; Xiao

et al. 1995) and, based on the geometry of the lattice, can

be estimated in the following way:

a ¼ a0 � b � qC; c ¼ a0 þ a � qC; c=a ¼ 1þ c � qC;

ð1Þ

where a0 is the lattice parameter of bcc-Fe, a and c are the

lattice parameters of the Fe–C martensite, qC is carbon

content in wt%, a = 0.116 (0.002), b = 0.013 (0.002) and

c = 0.046 (0.001). Martensitic transformation occurs over

a certain temperature interval, defined by a martensitic start

temperature, Ms, and a martensitic final temperature, Mf, at

which the entire fcc-phase should have transformed into

martensite. At any intermediate temperature (Mf \ T\ Ms)

a certain amount of fcc-structured phase remains

untransformed. Both the Ms and Mf temperatures of

Fe–Ni–C system are significantly lowered by the alloying

of Ni or/and C (Stevens and Haynes 1956; Troiano and

Greninger 1946; Shackelford 2001). Another factor which

shifts the transformation towards lower temperatures is a

pressure increase (Patel and Cohen 1953; Kakeshita et al.

1988; Xie et al. 1993). The effect of alloying on the Mf

temperature can be estimated based on the empirical

relation, developed by Stevens and Haynes (1956) and

Gulyaev (1977) for low-carbon steels at ambient pressure:

MfðKÞ ¼ 639� 17 � qNi � 474 � qC; ð2Þ

where qNi and qC are the weight percentages of Ni and C,

respectively. Other investigators suggest that the alloying

of Ni and C results in even greater decrease of the Mf

(Shackelford 2001). Thus for Fe,Ni alloys, used in this

work, the values of Mf temperature are predicted to

decrease to 496 (15) K, 384 (15) K and 321 (15) K at 10, 15

and 22 wt% of Ni concentration, respectively. Addition of

0.2–0.3 wt% C would lower these values of Mf below the

room temperature even at 0.5 GPa (Stevens and Haynes

1956; Troiano and Greninger 1946; Shackelford 2001;

Patel and Cohen 1953; Kakeshita et al. 1988; Xie et al.

1993) the lowest pressure achieved in the present work. We

suggest that the presence of the fcc-structured Fe,Ni phase

at room temperature in the case of both LH-DAC experi-

ments (Figs. 1, 4a, c) and ‘‘DAC-simulating’’ LVP runs

(Fig. 5) can be explained by the incomplete martensitic

transformation induced by the rapid temperature decrease.

Carbon solubility in Fe,Ni alloy at elevated pressures

and temperatures

To define the maximum amount of carbon, which can dis-

solve in Fe,Ni alloy at elevated pressures and temperatures

Fig. 4 Mössbauer and XRD

spectra collected at ambient

conditions from Fe0.90Ni0.10

alloy recovered after heating to

2,000 (50) K at 20 (1) GPa in

LH-DAC (a, c) and in the

multianvil (b, d)
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without Fe3C formation we carried out another series of

LVP quenched experiments with Fe0.90Ni0.10-xCx (0.01 B

x B 0.04, corresponding to approx. 0.2 B x B 0.9 wt%)

powder mixtures at 0.5–20 GPa and 2,050–2,300 K (see

Table 1). Quenched products of LVP runs were analysed by

the XRD and Mössbauer spectroscopies, as well as by SEM

and TEM. According to the XRD and SEM analyses sam-

ples recovered from the LVP runs are homogenous (no

evidences of pure iron, nickel or carbon has been detected,

as well as no macroscopic phase separation has been

observed, see Supplementary figures, Fig. S1), which

allows us to make a rough estimation of the solubility of

carbon in Fe,Ni based on the composition of the initial

mixtures.

All LVP runs performed at pressures from 0.5 to 20 GPa

and temperatures from 2,050 (10) K to 2,300 (50) K with

Fe0.90Ni0.10-xCx, containing up to 3 at% C as well as runs

with 4 at% C at pressures to 9 GPa revealed formation of

bcc-structured (Fe,Ni)C phase (slightly distorted towards

tetragonal symmetry) together with fcc-structured (Fe,Ni)C

alloy. No Fe3C carbide crystallization was detected. At the

highest carbon contents achieved in this work, 4 at% (or

*0.88 wt%), tetragonal distortion of bcc crystal lattice,

c/a ratio, was found to be 1.02 (0.01) (Fig. 7) [the calculated

value (Eq. 1) is 1.04].

Previous studies of Fe–C martensite (Génin and Flinn

1966; Gielen and Kaplow 1967; Ino et al. 1982; Génin

1987; Dabrowski et al. 1994) suggest that its spectrum

consists of as many as three types of Mössbauer compo-

nents: (1) high intensity ferromagnetic sextet attributed to

iron atoms, which do not have carbon atom(s) as the

nearest neighbor; (2) low-intensity weak sextet(s) ascribed

to the iron atoms in the neighborhood of carbon atom(s);

and (3) central peak(s) associated with an antiferromag-

netic fcc-phase. In general, the number of the type-(ii)

sextets varies depending upon the sample purity, process-

ing conditions, test temperature, etc. Génin (1987), using a

curve fitting approach, suggested that up to six type-(ii)

sextets might be distinguished in the spectrum of the

martensite quenched to room temperature. In the present

work, however, we obtained a good fit of Mössbauer

spectra of martensitic component using model, which

Fig. 5 XRD (k = 0.7108 Å) (a) and Mössbauer spectrum (b) col-

lected at ambient conditions from Fe0.90Ni0.10 alloy recovered after

heating to 2,000 (50) K at 20 (1) GPa in multianvil run with 1 wt%

diamond powder. On the XRD pattern black solid line represents

Rietveld refinement of the experimental data, shown by red crosses;

elongated red, fine and bold black strokes denote position of fcc-, bcc-

Fe,Ni and Fe3C phases, respectively. Mössbauer spectrum (black dots
represent experimental data) was fitted to three Lorentzian line-shape

components, corresponding to fcc-Fe,Ni (blue singlet), bcc-Fe,Ni

(grey sextet) and Fe3C carbide (black sextet)

Fig. 6 Location of carbon (solid spheres) in octahedral and tetrahe-

dral interstices of bcc- and fcc-Fe (opaque spheres)
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contains one sextet (CS = 0.03 (0.01) mm s-1, B = 34.2

(0.3) T) to fit the magnetic bcc-structured Fe-bearing

component (coloured in light grey in Fig. 8) and one sin-

glet (CS = -0.07 (0.01) mm s-1) to fit the antiferromag-

netic fcc-structured Fe-bearing component (coloured in

blue in Fig. 8).

We showed that Fe,Ni alloy can still incorporate 4 at%

C at 9 GPa, at 20 GPa presence of this amount of carbon

leads to the formation of (Fe,Ni)3C carbide (dark grey

sextet in Fig. 8b). This agreed with the previously reported

compression-induced decrease of carbon solubility in iron

(Wood 1993; Huang et al. 2005; Lord et al. 2009; Nakajima

et al. 2009). Note that in all LVP runs performed in the

MgO capsule formation of a trace amount of (Fe,Ni)O was

also observed. In order to check whether the presence of

oxygen affects the phase relations in the Fe–Ni–C system,

we repeated some of the LVP runs using NaCl as an

internal capsule (to eliminate oxygen from the system) and

obtained the same results as in the case of LVP runs per-

formed with MgO capsule. Therefore, we conclude that in

the case of LVP runs the effect of oxygen on the phase

relations in Fe–Ni–C system is negligible, which allows to

compare results of LVP and LH-DAC experiments pre-

sented here.

Indirect confirmation of the fact that the observed

coexistence of bcc- and fcc-structured (Fe,Ni)C phases is

the result of the martensitic (diffusionless) transformation,

induced by rapid cooling, is provided by the TEM analyses.

The microstructure of the quenched products was shown to

consist of the needle-shaped grains of bcc-structured

(Fe,Ni)C phase with length of tens of nanometers (Fig. 9a).

Such fine structure of the low-carbon iron alloys is well

known in metallurgy as the lath martensite, the morphology

and crystallography of which has been extensively inves-

tigated by optical and TEM, the review can be found in

Morito et al. (2006).

In order to confirm that all above-described results are

the consequence of the non-equilibrium cooling of Fe–Ni–C

system, which promotes martensitic transformation, in

several LVP runs the (Fe,Ni)C samples were gradually

cooled to 1,000 K at a rate of 1.75�C min-1 and then

immediately quenched to room temperature. XRD and

Mössbauer spectroscopic analyses of the recovered sam-

ples revealed the presence of (Fe,Ni)3C carbide along with

Fig. 7 XRD pattern collected at ambient conditions from

Fe0.90Ni0.06C0.04 alloy quenched from 2,050 (20) K at 3.0 (0.1) GPa

(k = 0.7002 Å). Red crosses represent experimental data, the Riet-

veld refinement is shown by solid black line. Red, black and green
elongated strokes denote positions of the reflections of fcc (Fe,Ni)C

(a = 3.61000(22) Å), (bct) (Fe,Ni)C (a = 2.8582(4) Å, c = 2.9027(8)

Å) and FeO

Fig. 8 Mössbauer spectra

collected art ambient conditions

from a Fe0.90Ni0.07C0.03 and

b Fe0.90Ni0.06C0.04 quenched

from 2,300 (50) K at 20 GPa

(1); Fe0.90Ni0.07C0.03 quenched

from 2,050 (10) K and 3.0 (0.1)

GPa (c) and gradually cooled

from 2,050 (10) K to 1,000 (10)

K at 3.0 (0.1) GPa (d).

Mössbauer components are

coloured as following: light
grey bcc-structured (Fe,Ni)C

phase, light blue fcc-structure

(Fe,Ni)C phase, and dark grey
Fe3C carbide
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bcc- and fcc-structured (Fe,Ni)C alloys (Fig. 8d). TEM

analyses of one of the quenched experiment, performed

with Fe0.90Ni0.07C0.03 stoichiometric mixture at 2.0(1) GPa

(Fig. 9b), confirms the presence of bcc-Fe0.91Ni0.09 and

fcc-Fe0.83Ni0.17 alloys together with (Fe0.97,Ni0.03)3C car-

bide (the chemical composition was estimated by means of

TEM–EDXS).

Iron carbides in Earth’s core?

Estimates of the amount of carbon in Earth’s core vary

from as low as 0.2 to 0.4 wt% (McDonough and Sun 1995;

Dasgupta and Walker 2008), which makes carbon a plau-

sible candidate for the light component in the core, or at

least a part of it. As mentioned earlier, the pressure effect

on the eutectic composition in Fe–Fe3C has not been

conclusively constrained. According to Wood (1993),

Huang et al. (2005), Lord et al. (2009) and Nakajima et al.

(2009) the Fe–Fe3C eutectic moves to nearly pure iron at

high pressure, while Fei et al. (2007) reported opposite

behaviour of Fe–C system upon compression. Our experi-

mental results clearly suggest the decrease of carbon sol-

ubility in Fe,Ni upon compression. The interplay between

the amount of carbon available in Earth’s core and the

Fe–Ni–C eutectic composition at the relevant pressures and

temperatures would provide a hint to what phases might

crystallize in the Earth’s inner core, as well as would

constrain the concentration of carbon in the outer core. If

the eutectic composition of Fe–Ni–C system moves

towards pure Fe,Ni at the core conditions than the inner

core would crystallize, at least partially, as a carbide phase

depleting the outer core in carbon. According to Lord et al.

(2009) and Nakajima et al. (2009) Fe7C3 rather than Fe3C

seems to be the most plausible candidate in this scenario.

However, a reverse situation cannot be excluded—if the

core is significantly depleted in carbon, then the entire

carbon budget would be stored in the outer core while the

inner core would crystallize as a metallic Fe,Ni phase. In

order to provide a decisive constraint on the partitioning of

carbon between inner and outer parts of Earth’s core the

eutectic composition of Fe,Ni–C system at the relevant

pressures and temperatures need to be constrained. The

effect of other possible light components (Si, O, S, etc.)

also has to be taken into account.

Conclusions

We carried out a systematic comparative study of Fe1-xNix
(0.1 B x B 0.22) alloys at pressures to 45 GPa in temper-

ature range 296–2,600 K using LH-DAC and LVP tech-

niques. The laser heating in DAC even at relatively low

temperatures, 1,700–1,800 K, can induce diffusion of car-

bon from the diamond anvils, which can contaminate the

sample. Therefore, the experimental results obtained in

LH-DAC experiments should be interpreted with great

caution. Laser-heating-induced diffusion of carbon can be

considered as a plausible reason for systematic lowering of

the melting curve of iron obtained in LH-DAC experiments

with respect to the theoretical predictions and shock-wave

measurements.

Our LVP experiments with Fe0.90Ni0.10-xCx at pressures

0.5–20.0(5) GPa and temperatures 2,050 (10)–2,300 (50) K

suggest that fcc-structured Fe,Ni alloy can incorporate as

much as 0.9 wt% carbon at pressures to 9 GPa; and via

diffusionless martensitic transformation this alloy can be

quenched to ambient conditions without formation of Fe3C

carbide. Our results suggest the decrease of carbon solu-

bility in Fe,Ni alloy with increase of pressure, which

coincides with previously reported shift of the eutectic

composition towards carbon-depleted part of the Fe–C

phase diagram (Wood 1993; Huang et al. 2005; Lord et al.

2009; Nakajima et al. 2009), which most probably would

result in the crystallization of a certain amount of Fe7C3

Fig. 9 TEM images obtained

from a Fe0.90Ni0.08C0.02

recovered after heating to 2,100

(50) K at 9 (1) GPa and

b Fe0.90Ni0.07C0.03 gradually

cooled to from 2,050 (10) K to

1,000 (10) K at 2.0 (0.1) GPa.

a Dark-field image with

g = 110bcc. The selected area

electron diffraction (inset)
indicates a {112} twin (b)

bright-field image of the fcc
phase (centre, between two

Fe3C phases) coexisting with

the Fe3C phase and the bcc
phase
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carbide in Earth’s inner core (Lord et al. 2009; Nakajima

et al. 2009).
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